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1.  Introduction {#open201600160-sec-0001}
================

Thiamine (vitamin B1) is essential to the health of all living organisms.[1](#open201600160-bib-0001){ref-type="ref"} In its diphosphate form, thiamine serves as a cofactor for enzymes involved in carbohydrate metabolism, including transketolase, α‐ketoglutarate dehydrogenase, pyruvate dehydrogenase, and branched chain α‐keto acid dehydrogenase. These enzymes are involved in pathways that produce ATP, NADPH, and ribose‐5‐phosphate, which are critical for generating cellular energy and downstream production of amino acids, nucleic acids, and fatty acids. Deficiencies in thiamine have numerous deleterious effects observed in both people and the environment. Most notably, deficiencies are responsible for Wernicke--Korsakoff syndrome and Beriberi disease prevalent in alcoholics in developed nations and undernourished populations in developing nations.[2](#open201600160-bib-0002){ref-type="ref"} More recently, deficiencies have also been implicated in other conditions including diabetes,[3](#open201600160-bib-0003){ref-type="ref"} depression,[4](#open201600160-bib-0004){ref-type="ref"} Alzheimer\'s disease,[5](#open201600160-bib-0005){ref-type="ref"} and dementia.[6](#open201600160-bib-0006){ref-type="ref"} In an ecological context, thiamine deficiencies result in muscle weakness and reproductive failure of valuable fish, including lake trout and Atlantic salmon.[7](#open201600160-bib-0007){ref-type="ref"} Such deficiencies have also affected alligators,[8](#open201600160-bib-0008){ref-type="ref"} birds,[9](#open201600160-bib-0009){ref-type="ref"} as well as various species of livestock.[10](#open201600160-bib-0010){ref-type="ref"} Thiamine deficiencies may occur if conditions impair thiamine absorption;[11](#open201600160-bib-0011){ref-type="ref"} if dietary intake of thiamine‐containing foods is restricted;[12](#open201600160-bib-0012){ref-type="ref"} or if foods containing high levels of enzymes capable of thiamine cleavage (thiaminases) are concurrently consumed.[13](#open201600160-bib-0013){ref-type="ref"} As such, thiamine is an analyte of key importance in clinical, ecological, and veterinary studies, and interest in this analyte has prompted numerous analytical methodologies for its detection. Owing to its unusual properties, thiamine presents some unique analytical challenges, many of which were uncovered in early work beginning in the 1940′s. These caveats must be recognized in the development of new techniques, and readers are encouraged to look to previous excellent Review articles for thorough coverage of earlier developments.[14](#open201600160-bib-0014){ref-type="ref"}, [15](#open201600160-bib-0015){ref-type="ref"} By contrast, this Review focuses on analytical advances made in the last 15 years, but incorporates historic information, as needed, to ensure accurate and reproducible thiamine measurements.

2.  Thiamine Properties {#open201600160-sec-0002}
=======================

Thiamine is a highly water‐soluble vitamin with reduced solubility in alcohols and negligible solubility in less polar organic solvents.[16](#open201600160-bib-0016){ref-type="ref"} Commercially, it is available in the form of thiamine hydrochloride or thiamine mononitrate, with the latter markedly less water soluble and less hygroscopic.[16](#open201600160-bib-0016){ref-type="ref"}, [17](#open201600160-bib-0017){ref-type="ref"} Structurally, thiamine consists of 2‐methyl‐4‐aminopyrimidine attached via a methylene group to a thiazole ring, substituted with a methyl group in the 4 position and a hydroxyethyl group in the 5 position. Phosphorylated derivatives of the hydroxyl group include thiamine mono‐, di‐, and triphosphates (TMP, TDP, and TTP, respectively). Thiamine is stable under acidic conditions, but is labile in alkaline conditions with the opening of the thiazole ring to yield the thiol form. At low pH, thiamine is present with a positive charge on both the pyrimidine N1 nitrogen (p*K*a~1~≈4.8) and thiazole N3 nitrogen. At physiological pH, thiamine is a cation with a positive charge on the thiazole N3 nitrogen. With further increase in pH, its behavior is complex, passing through an uncharged pseudobase intermediate to yield its negatively charged thiol form (p*K*a~2~≈9.2) (Figure [1](#open201600160-fig-0001){ref-type="fig"}).[18](#open201600160-bib-0018){ref-type="ref"}

![pH‐dependent forms of thiamine. Thiamine transitions upon increasing pH from cationic forms to the pseudobase and thiol forms.](OPEN-6-178-g003){#open201600160-fig-0001}

Analytical methods based on the chemistry of thiamine take advantage of its cationic charge via ion exchange for isolation and separation techniques;[19](#open201600160-bib-0019){ref-type="ref"} detection relying on its activity in the UV range;[20](#open201600160-bib-0020){ref-type="ref"} ability to be oxidized and detected via fluorescence, chemiluminescence, and electrochemiluminescence,[21](#open201600160-bib-0021){ref-type="ref"}, [22](#open201600160-bib-0022){ref-type="ref"}, [23](#open201600160-bib-0023){ref-type="ref"} as well as polarity differences between thiamine, its phosphate esters, and other species (Figure [2](#open201600160-fig-0002){ref-type="fig"}).[21](#open201600160-bib-0021){ref-type="ref"}, [24](#open201600160-bib-0024){ref-type="ref"} Although intact thiamine is highly water soluble, chemical or biochemical cleavage at the methylene bridge allows subsequent extraction of the less polar 4‐methyl‐5‐(2‐hydroxyethyl)thiazole fragment into organic solvents prior to GC analysis[25](#open201600160-bib-0025){ref-type="ref"} or quantification by scintillation counting if the thiazole fragment is radiolabeled.[26](#open201600160-bib-0026){ref-type="ref"} Biological‐based methods take advantage of the role of thiamine as an essential vitamin for the growth of many microorganisms and, as noted above, in its diphosphate form, serving as a co‐factor for numerous enzymes.

![Approaches for thiamine analysis including fluorescence of the oxidized form of thiamine (thiochrome), thiamine requirement for microbiological growth, sensing based on biorecognition, and high performance liquid chromatography.](OPEN-6-178-g004){#open201600160-fig-0002}

3.  Sample Preparation {#open201600160-sec-0003}
======================

As thiamine is essential to the health of, and is present in, all organisms, sample matrices presented for analysis can range from environmental soils and water to a variety of human and animal foods as well as human urine and blood. Some generalities regarding best sample treatment practices are provided below.

Given the poor stability of thiamine under alkaline conditions, samples should be pH adjusted to the acidic range to avoid degradation. Environmental water samples should be filtered immediately upon sample collection to prevent possible uptake of thiamine by microorganisms and also possible release of thiamine from inorganic particulates.[27](#open201600160-bib-0027){ref-type="ref"} For tissue samples, Brown et al. noted the importance of storage conditions on thiamine forms.[21](#open201600160-bib-0021){ref-type="ref"} When stored at 4 °C, conversion of TMP to thiamine was observed in liver tissue samples from lake trout. Loss of TDP and formation of TMP was noted in muscle tissue stored at ambient temperature for 24 h, whereas in alewife muscle tissue, all thiamine species declined within an hour. Alewife contain high levels of thiaminases that break down thiamine and are likely responsible for the losses. In the majority of biological sample matrices, a mechanical homogenization step is required to ensure sample uniformity and free thiamine from its intracellular confines. This is commonly done in cold trichloroacetic acid (TCA) at a concentration of 2 % (v/v).[21](#open201600160-bib-0021){ref-type="ref"}, [24](#open201600160-bib-0024){ref-type="ref"} Proper implementation of the homogenization step is critical, with marked losses of thiamine and TMP using high‐speed tissue grinding or ultrasonic homogenization versus manual grinding of fish eggs.[21](#open201600160-bib-0021){ref-type="ref"} In human whole‐blood samples, overnight storage at −70 °C, but not −20 °C, is sufficient to ensure complete lysis of the red blood cells that contain the majority of thiamine (in the form of TDP) in the body.[28](#open201600160-bib-0028){ref-type="ref"} To ensure complete hemolysis, whole‐blood samples are typically frozen at −80 °C for at least 24 h, followed by TCA precipitation of proteins.[29](#open201600160-bib-0029){ref-type="ref"}

Thiamine has exhibited non‐specific protein binding and TDP is associated with enzymes as a cofactor; therefore, protein precipitation and subsequent release of thiamine from these proteins is required for assaying biological sample matrices. Precipitation can be accomplished by using perchloric acid or TCA by boiling or autoclaving samples at 100 or 120 °C, respectively, for 10--30 minutes.[21](#open201600160-bib-0021){ref-type="ref"}, [30](#open201600160-bib-0030){ref-type="ref"}, [31](#open201600160-bib-0031){ref-type="ref"} For hemolyzed blood, centrifugation to remove cell debris, followed by the addition of cold 10 % TCA to the remaining supernatant has been considered sufficient to precipitate the proteins.[28](#open201600160-bib-0028){ref-type="ref"} Other means of acid extraction to release thiamine from sample matrices have included autoclaving homogenized samples at 120 °C in sulfuric acid or 10--100 m[m]{.smallcaps} HCl for 10--30 minutes.[32](#open201600160-bib-0032){ref-type="ref"}, [33](#open201600160-bib-0033){ref-type="ref"}, [34](#open201600160-bib-0034){ref-type="ref"} Some studies observed low recoveries with sulfuric acid, believed to be caused by either the presence of sulfite impurities, which can degrade thiamine by cleavage at the methylene bridge under acidic conditions, or adsorption of thiamine onto formed precipitates.[14](#open201600160-bib-0014){ref-type="ref"}, [18](#open201600160-bib-0018){ref-type="ref"} The latter has also been suggested with TCA.[35](#open201600160-bib-0035){ref-type="ref"} As recoveries with sulfuric acid tend to be low, HCl is preferred acid for the hydrolysis step. Some further caution may be warranted in the acid treatment of thiamine, as oxythiamine can be formed under strongly acidic conditions.[18](#open201600160-bib-0018){ref-type="ref"} This was confirmed recently, yielding low levels of oxythiamine in 100 m[m]{.smallcaps} acetic acid at elevated temperatures (100 °C for 1 h).[36](#open201600160-bib-0036){ref-type="ref"} As oxythiamine does not form a fluorescent product, the extent of this conversion cannot be monitored at the typical wavelengths used to quantify thiochrome, the fluorescent oxidation product of thiamine. Furthermore, extraction from protein matrices typically requires greater concentrations of TCA, a markedly stronger acid than acetic acid. If oxythiamine is formed to an appreciable degree under the conditions used to extract thiamine from protein matrices, the amount of thiamine present in a sample may be underestimated.

Prior to analysis by HPLC, samples treated with TCA are washed with solvents such as water‐saturated MTBE or 3:2 ethyl acetate/hexane to remove the acid.[21](#open201600160-bib-0021){ref-type="ref"}, [28](#open201600160-bib-0028){ref-type="ref"} Such washed samples have been noted to retain their stability for at least 48 h.[21](#open201600160-bib-0021){ref-type="ref"}, [28](#open201600160-bib-0028){ref-type="ref"} Complete removal of TCA can be difficult to achieve and has led to increased fluorescence background in an HPLC method versus perchloric acid; hence, the latter was preferred.[30](#open201600160-bib-0030){ref-type="ref"} In food matrices, beyond acid--heat treatment, enzymatic digestion is employed with enzymes such as amylase, taka‐diastase, clara‐diastase, and papain, which break down starches and proteins to ensure release of thiamine.[33](#open201600160-bib-0033){ref-type="ref"} Thiamine itself is present as a food additive, but in naturally occurring matrices such as milk,[25](#open201600160-bib-0025){ref-type="ref"} meat,[33](#open201600160-bib-0033){ref-type="ref"} and whole grains,[37](#open201600160-bib-0037){ref-type="ref"} thiamine monophosphate, diphosphate, and triphosphate may also be present. If the total thiamine content is desired, enzymatic treatment with enzymes such as acid phosphatase can be used to convert thiamine phosphate esters into the parent molecule.[33](#open201600160-bib-0033){ref-type="ref"} This is followed by autoclaving to cease further enzyme activity.

Solid‐phase extraction (SPE) using reverse phase,[27](#open201600160-bib-0027){ref-type="ref"} reverse phase with ion‐pairing reagents,[33](#open201600160-bib-0033){ref-type="ref"} reverse phase alone after conversion to thiochrome,[34](#open201600160-bib-0034){ref-type="ref"} and weak cation exchange (WCX)[20](#open201600160-bib-0020){ref-type="ref"} have been employed as means for sample clean‐up or simplified analysis. A reverse‐phase SPE method for thiamine extraction has been reported, which takes advantage of the increased hydrophobic character of riboflavin versus thiamine for the quantification of both species in fish eggs. The respective concentrations are read with a fluorescence plate reader, eliminating the need for costly and less field practical analyses with HPLC.[24](#open201600160-bib-0024){ref-type="ref"} In another reverse‐phase method, filtered and pH‐adjusted seawater was first passed through a C18 resin, followed by a water wash, and then elution of thiamine using methanol.[27](#open201600160-bib-0027){ref-type="ref"} By subsequently evaporating the methanol and reconstituting with water, the authors suggested that this protocol minimized interferences by co‐eluting organic compounds when the samples were subsequently analyzed with HPLC. By using a C18 resin with ion‐pairing via sodium heptanesulfonate, thiamine and riboflavin could be isolated from meat extracts,[33](#open201600160-bib-0033){ref-type="ref"} whereas another method taking advantage of WCX has been used to provide partial purification of thiamine from sausage extracts prior to HPLC analysis.[20](#open201600160-bib-0020){ref-type="ref"}

4.  Analytical Methods Based on Chemical Properties {#open201600160-sec-0004}
===================================================

4.1.  Colorimetric Approaches {#open201600160-sec-0005}
-----------------------------

The maximum absorbance of thiamine at 235 nm is shared with many other compounds, making direct spectrophotometric measurements useful only when coupled with a separation mechanism. Hence, thiamine concentrations have historically been determined through colorimetric assays that employ a variety of reagents that produce a visible change in color after reacting with thiamine. Most colorimetric assays developed in the 1930′s through 1950′s depended on the use of a diazotized amine---an aromatic amine that has been treated with nitrous acid---with coupling carried out under alkaline conditions. The two most commonly used were diazotized sulfanilic acid and diazotized *p*‐acetophenone, which react with thiamine to form pink‐ and purple--red‐colored compounds, respectively. The formation of colored products redshifts the maximum absorbance out of the UV range and away from many interferences while improving the molar extinction coefficient (Table S1.) Challenges with these reagents included reagent instability, lengthy extraction procedures, reaction with other interfering species, poor stability of the reaction products, and low intensity of the colored species. A timeline of the development of these historic methods is provided in the Supporting Information (Figure S1).

Interest remains in the development of modern colorimetric methods for the analysis of thiamine in pharmaceutical products, with numerous approaches reported within the last 20 years.[38](#open201600160-bib-0038){ref-type="ref"}, [39](#open201600160-bib-0039){ref-type="ref"}, [40](#open201600160-bib-0040){ref-type="ref"} Of these, two methods that provide a clear advantage over previous approaches are mentioned within. By taking advantage of the ability of thiamine to undergo oxidization, researchers utilized the reduction of potassium iodate (V) to yield iodide ions in the presence of thiamine. The iodide ions formed free iodine in the reaction mixture, which could subsequently oxidize leucocrystal violet dye to crystal violet, measurable at 589 nm.[40](#open201600160-bib-0040){ref-type="ref"} This approach lowered the detection limit approximately tenfold over that obtainable by diazonitized sulfanilic acid. In the second method, Liu et al. investigated the formation of complexes of thiamine with triphenylmethane dyes, including bromothymol blue and cresol red, in the presence of surfactants as an approach to spectrophotometrically determine thiamine concentrations.[39](#open201600160-bib-0039){ref-type="ref"} The phenolic group of these dyes ionically associates with thiamine through its thiazole nitrogen. By using these dyes and micellar solutions to ensure complex solubility, either the formation of a complex at a different wavelength or loss of the dye absorbance at its inherent wavelength could be monitored. This approach lowered the detection limit to the low ng mL^−1^ range and, thus, was a marked improvement over prior methods. However, one caveat to note with all reported colorimetric methods is the potential for interferences by other species. Even with relatively simple pharmaceutical tablet matrices, these modern methods were subject to interferences; therefore, it remains to be seen whether such methods can have broader applicability in more complex biological matrices. In addition, as most of the colorimetric methods yielded detection limits in the low μg mL^−1^ (ca. 3--30 μ[m]{.smallcaps}) range, they have largely fallen out of favor in lieu of more sensitive fluorometric methods, especially when biological samples are considered.

4.2.  Fluorescence Methods {#open201600160-sec-0006}
--------------------------

Thiamine is most commonly quantified following oxidation to the blue fluorescent product thiochrome (Figure [3](#open201600160-fig-0003){ref-type="fig"}). This forms the basis for quantification in the widely employed AOAC and AACC methods.[30](#open201600160-bib-0030){ref-type="ref"}, [41](#open201600160-bib-0041){ref-type="ref"}

![Oxidation of thiamine to thiochrome, shown here using potassium ferricyanide under alkaline conditions.](OPEN-6-178-g005){#open201600160-fig-0003}

Oxidizing agents include mercury(II) chloride,[42](#open201600160-bib-0042){ref-type="ref"} cyanogen bromide,[43](#open201600160-bib-0043){ref-type="ref"}, [44](#open201600160-bib-0044){ref-type="ref"}, [45](#open201600160-bib-0045){ref-type="ref"} and potassium ferricyanide[21](#open201600160-bib-0021){ref-type="ref"} and, in all cases, the conversion forms both thiochrome and thiamine disulfide through competitive reactions.[42](#open201600160-bib-0042){ref-type="ref"} These reagents each have their benefits and limitations including improved dynamic range and lack of thiochrome fluorescence quenching,[42](#open201600160-bib-0042){ref-type="ref"} high fluorescence yield and minimization of redox interferences from biological matrices,[43](#open201600160-bib-0043){ref-type="ref"}, [44](#open201600160-bib-0044){ref-type="ref"}, [45](#open201600160-bib-0045){ref-type="ref"} as well as low cost, low toxicity, and ease of use, respectively, but suffer from high toxicity, short shelf‐life and reaction time dependence,[43](#open201600160-bib-0043){ref-type="ref"}, [46](#open201600160-bib-0046){ref-type="ref"} as well as reagent concentration dependence,[45](#open201600160-bib-0045){ref-type="ref"} respectively. Potassium ferricyanide is most commonly employed, owing to the aforementioned advantages and, hence, is the focus of this discussion, but a timeline of the development of other fluorometric reagents is provided in the Supporting Information (Figure S2). However, a limitation of this reagent is that, in excess, it can reduce formed thiochrome to non‐fluorescent products. Early experimenters of the thiochrome method attempted to measure thiochrome fluorescence directly in aqueous solutions,[47](#open201600160-bib-0047){ref-type="ref"} but later researchers incorporated an extraction of thiochrome into isobutanol to avoid possible quenching by ferricyanide, minimize the impact of other interferences present in the aqueous phase, and generate improved fluorescence intensity in the organic phase.[48](#open201600160-bib-0048){ref-type="ref"}, [49](#open201600160-bib-0049){ref-type="ref"}, [50](#open201600160-bib-0050){ref-type="ref"} An isobutanol extraction selectively isolates thiochrome formed from thiamine, but leaves behind that formed from the more polar phosphorylated esters. This step can thus be used to differentiate between free and esterified forms of thiamine while concomitantly eliminating interfering polar compounds that remain in the aqueous phase.[50](#open201600160-bib-0050){ref-type="ref"} Extraction of the formed thiochrome into isobutanol is independent of pH between 8 and 10, but decreases below pH 7.[51](#open201600160-bib-0051){ref-type="ref"} The organic extraction step could be eliminated in certain matrices by including a step that allows for the formation of a thiamine blank, as discussed below.

As the competing pathway for oxidation yields the formation of thiamine disulfide, the procedure and conditions for carrying out thiochrome formation is important. Formation of thiochrome occurs at pH values greater than 8.0 and its subsequent fluorescence intensity was found to be maximal at pH 12--13.[52](#open201600160-bib-0052){ref-type="ref"} Zajicek et al. reported that 5 N NaOH and 0.1 % potassium ferricyanide needed to be added simultaneously and directly to the thiamine sample, rather than allowing the fluids to enter more gradually along the tube walls.[24](#open201600160-bib-0024){ref-type="ref"} Mancinelli et al. noted unreliable results when an alkaline ferricyanide mixture was added, and instead added potassium ferricyanide followed by sodium hydroxide in their derivatization procedure.[53](#open201600160-bib-0053){ref-type="ref"} The addition of sodium sulfite, which stops the oxidation to thiochrome, has also been noted to improve reproducibility.[54](#open201600160-bib-0054){ref-type="ref"} Another avenue to increase the efficiency of thiochrome‐based detection involves including a miscible organic solvent such as ethanol or methanol in the aqueous alkaline media. This is believed to improve the yield of thiochrome versus thiamine disulfide, as well as increase the fluorescence intensity of formed thiochrome.[55](#open201600160-bib-0055){ref-type="ref"} Interferences with thiamine oxidation include ascorbic acid, polyphenols, and other substances with antioxidant capacity, which can consume ferricyanide,[22](#open201600160-bib-0022){ref-type="ref"}, [56](#open201600160-bib-0056){ref-type="ref"}, [57](#open201600160-bib-0057){ref-type="ref"} and polyphenols, which can additionally form complexes with thiamine.[58](#open201600160-bib-0058){ref-type="ref"} Polyvinylpyrrolidone (PVP), which has been used to precipitate polyphenolic species from wines,[56](#open201600160-bib-0056){ref-type="ref"} may be useful in overcoming some of these interferences.

As the predominant approaches for analysis involve thiochrome formation and fluorescence measurement, it is often desirable to develop a suitable blank to correct for endogenous fluorescence. Approaches have included omission of ferricyanide in the alkaline reagent during thiochrome formation,[49](#open201600160-bib-0049){ref-type="ref"} heating samples in alkaline solution at elevated temperatures,[59](#open201600160-bib-0059){ref-type="ref"} pH adjustment to 8.0--10.0 prior to isobutanol extraction,[51](#open201600160-bib-0051){ref-type="ref"} inclusion of benzenesulfonyl chloride that reacts with thiamine and prevents thiochrome formation,[60](#open201600160-bib-0060){ref-type="ref"} and enzymatic digestion of thiamine by using thiaminases.[26](#open201600160-bib-0026){ref-type="ref"} These efforts are less critical when HPLC is employed as a separation mechanism, but are necessary when fluorescence measurement alone is the downstream analytical approach.

4.3.  Methods Based on Electrochemistry, Chemiluminescence and Electrochemiluminescence {#open201600160-sec-0007}
---------------------------------------------------------------------------------------

Taking advantage of the ability of thiamine to be oxidized, numerous electrochemical methods have been developed (Table S2). The products of this oxidation vary depending on the conditions employed. By scanning the potential from 0 to +1.2 V by using a glassy carbon electrode under alkaline conditions, thiamine disulfide was initially formed with further oxidation, ultimately yielding the thiol form of thiamine in an irreversible oxidation process.[61](#open201600160-bib-0061){ref-type="ref"} Under alkaline conditions in the presence of high concentrations of methanol, thiochrome can be preferentially formed by using an applied potential of +0.4 V versus Ag/AgCl by using a glassy carbon electrode.[62](#open201600160-bib-0062){ref-type="ref"} By, instead, relying on an applied potential to oxidize thiamine to thiochrome, the inclusion of oxidizing reagents leading to the potential for interference can be eliminated. Kusube et al. combined the benefit of a chemical oxidant‐free process with the sensitivity afforded by fluorescence detection by using an in‐line electrochemical reactor in series with a fluorescence detector.[62](#open201600160-bib-0062){ref-type="ref"} This procedure permitted the specificity of fluorescence detection of thiochrome without the concomitant challenges inherent to chemical oxidation. Thiamine may also undergo reduction using electrochemical techniques.[63](#open201600160-bib-0063){ref-type="ref"} Unfortunately, while electrochemical methods offer comparatively low expense and simpler instrumentation than those relying on optics, they have traditionally not yielded the sensitivity that can be obtained using fluorescence detection. However, interest in their development may be reinvigorated with advances in materials. For example, a recent study used differential pulse adsorptive stripping voltammetry and a multi‐walled carbon nanotube paste electrode for the determination of thiamine. Such electrodes offer the benefits of improved conductivity, current sensitivity, and chemical inertness over traditional materials. This method yielded a linear range from 3 ng mL^−1^ to 0.88 μg mL^−1^ and reported a limit of detection of 1.1 ng mL^−1^ (ca. 3.3 n[m]{.smallcaps}).[64](#open201600160-bib-0064){ref-type="ref"}

Chemiluminescence also occurs during thiamine oxidation with potassium ferricyanide enabling limits of detection of 9 μ[m]{.smallcaps}.[57](#open201600160-bib-0057){ref-type="ref"} However, aside from the relatively high detection limit, absorption of the emitted radiation by riboflavin, if present, can result in an underestimation of thiamine content. At the same time, this can be used as an advantage with a well‐designed system. If a fluorophore, such as rhodamine B, is present and is capable of then emitting the absorbed light, an energy‐transfer mechanism can permit measurement instead at the fluorophore\'s intrinsic emission wavelength.[23](#open201600160-bib-0023){ref-type="ref"} An electrochemiluminescence method that takes advantage of this energy‐transfer emission of the fluorophore can be used to quantify thiamine at as little as 0.08 μg mL^−1^ (237 n[m]{.smallcaps}).[23](#open201600160-bib-0023){ref-type="ref"} Other methods utilizing chemiluminescence rely on the ability of thiamine to enhance or suppress the signal of traditional chemiluminescent reactions, leading to detection limits in the low nanometer range (Table S2.) Chemiluminescence offers the benefit of simpler instrumentation compared to fluorescence, as no light source is required, and the low non‐specific signal is useful in natural samples. However, aside from the few academic publications, these methods do not seem to have gained further traction within the analytical community.

4.4.  Analysis by HPLC {#open201600160-sec-0008}
----------------------

Numerous methods for thiamine quantification by using HPLC have been reported, as covered in an excellent Review by Lynch and Young, and hence will only briefly be mentioned here.[14](#open201600160-bib-0014){ref-type="ref"} HPLC separations are the most practical approach if quantification of thiamine and possible phosphorylated thiamine species is desired or if thiamine is one of many analytes in a complex matrix that require quantification. Reverse phase is the most common separation mode by using C18 or PDVB columns, though ion pairing, hydrophilic interaction chromatography (HILIC), and amine columns have also been employed.[20](#open201600160-bib-0020){ref-type="ref"}, [28](#open201600160-bib-0028){ref-type="ref"}, [31](#open201600160-bib-0031){ref-type="ref"}, [33](#open201600160-bib-0033){ref-type="ref"}, [34](#open201600160-bib-0034){ref-type="ref"}, [53](#open201600160-bib-0053){ref-type="ref"}, [56](#open201600160-bib-0056){ref-type="ref"} Anionic ion‐pairing reagents include pentanesulfonate, hexanesulphonate, and heptanesulfonate, which interact with cationic thiamine to improve retention in reverse‐phase methods.[33](#open201600160-bib-0033){ref-type="ref"} In HILIC, thiamine is preferentially partitioned into the water layer adjacent to the hydrophilic stationary phase versus the mobile phase, which consists of a high organic content. Elution is accomplished by increasing the aqueous content of the mobile phase.[20](#open201600160-bib-0020){ref-type="ref"} Thiamine retention in HILIC is believed to be a function of not only its polarity, but also interactions via its positive charge with residual silanols on the stationary phase.[65](#open201600160-bib-0065){ref-type="ref"} Thiamine is poorly retained on reverse‐phase columns, but retention is efficient following its ring‐closure to thiochrome forming a more hydrophobic species. The order of elution of thiamine versus its phosphate esters is dependent on the separation conditions, with higher order phosphates eluting earlier in reverse phase methods and the opposite in normal phase methods. Although some methods utilize UV absorbance, allowing for detection down to 0.025 μg mL^−1^ (74 n[m]{.smallcaps}) at 232 nm,[66](#open201600160-bib-0066){ref-type="ref"} most methods use fluorescence detection following conversion of thiamine and its phosphate esters to their thiochrome derivatives. Oxidation to thiochrome is accomplished either by pre‐column or post‐column derivatization with reagents, as described above.[28](#open201600160-bib-0028){ref-type="ref"}, [31](#open201600160-bib-0031){ref-type="ref"} The advantage of the post‐column derivatization methods is that the separation does not need to be run at alkaline pH, which can adversely affect the useable life of silica‐based HPLC columns. However, this is a negligible concern when polymer or core--shell‐based HPLC columns are employed and the instrumentation complexity required for post‐column derivatization offsets any possible benefit.[67](#open201600160-bib-0067){ref-type="ref"} Methods based on fluorescence detection with modern instrumentation can achieve quantification limits of as little as 3 n[m]{.smallcaps} thiamine, with detection limits of as little as 1 n[m]{.smallcaps} routinely reported.[28](#open201600160-bib-0028){ref-type="ref"}, [67](#open201600160-bib-0067){ref-type="ref"} Methodologies relying on ultra‐performance liquid chromatography (UPLC) separations coupled with tandem mass spectrometry can achieve detection limits of 0.01 μg L^−1^ (30 pM) while simultaneously providing identity confirmation.[68](#open201600160-bib-0068){ref-type="ref"} HPLC methods have been employed for the quantification of thiamine and its phosphate esters in whole‐blood, plasma, erythrocytes, and breast milk.[28](#open201600160-bib-0028){ref-type="ref"}, [29](#open201600160-bib-0029){ref-type="ref"}, [53](#open201600160-bib-0053){ref-type="ref"}, [68](#open201600160-bib-0068){ref-type="ref"} For these samples, neither EDTA nor heparin used as an anticoagulant impacted the measurement of thiamine and its phosphate esters.[53](#open201600160-bib-0053){ref-type="ref"}, [69](#open201600160-bib-0069){ref-type="ref"} However, as EDTA likely inhibits phosphatase enzyme activity by complexing with the cofactor Mg^2+^,[70](#open201600160-bib-0070){ref-type="ref"} some researchers prefer its use as an anticoagulant to avoid the unintended cleavage of thiamine phosphate groups.[29](#open201600160-bib-0029){ref-type="ref"}

4.5.  Approaches Based on Optical Properties of Nanoparticles {#open201600160-sec-0009}
-------------------------------------------------------------

Other approaches have relied on the modulation of nanoparticle (NP) aggregation or fluorescence via thiamine, as summarized in Table S3. Thiamine has been shown to cause aggregation of gold NPs, owing to its postulated interaction through its thiazole sulfur atom.[71](#open201600160-bib-0071){ref-type="ref"} The aggregation of the NPs can be monitored by a colorimetric change observed at 590 nm. This change did not occur with thiamine phosphates that allowed differentiation between free thiamine and TDP before and after treatment with alkaline phosphatase, which served to cleave phosphate groups. A limit of detection of 54 n[m]{.smallcaps} was reported with an assay range from 0.15 to 3.5 μ[m]{.smallcaps}. Other researchers have attributed the aggregation of negatively charged AuNPs in the presence of thiamine to a neutralization of the NP surface charge.[72](#open201600160-bib-0072){ref-type="ref"} In a fluorescence‐based approach, captopril‐modified yttrium:europium NPs (Y~2~O~3~:Eu NPs) were found to exhibit an increase in fluorescence in the presence of increasing concentrations of thiamine.[73](#open201600160-bib-0073){ref-type="ref"} Captopril is a small‐molecule angiotensin‐converting inhibitor, which contains a free sulfhydryl and carboxylic acid group in its structure. The NPs were not prepared for oriented labeling of captopril or characterized, but it was assumed that thiamine interacted with the negatively charged functional groups of these particles through electrostatic interactions. A limit of detection of 144 n[m]{.smallcaps} and linear assay range to 44 μ[m]{.smallcaps} was reported. In another approach, the fluorescence of 'C‐dots' (carbon‐coated core--shell silica particles) was reduced in the presence of Cu^2+^ via the formation of a charge‐transfer complex, but could be restored in a linear manner with increasing concentrations of thiamine.[74](#open201600160-bib-0074){ref-type="ref"} Thiamine was postulated to competitively form a complex with Cu^2+^ through its pyrimidine N1 nitrogen, which released the metal ion from the C‐dots and restored their fluorescence. In this work, the authors reported a calculated limit of detection of 280 n[m]{.smallcaps}, but it appears that this was an extrapolation of the linear relationship observed from 10--50 μ[m]{.smallcaps} thiamine rather than measurements.

The novelty of these approaches merits their mention, but significant questions remain in their potential application. In the first example, although application of the method in food matrices was reported to be successful, aggregation of AuNPs is known to occur with various substances, including salt,[75](#open201600160-bib-0075){ref-type="ref"} which would place in question the specificity of this approach. In the second example with captopril‐modified NPs, the mechanism of fluorescence enhancement owing to thiamine was not investigated, nor was specificity towards other constituents assessed.[73](#open201600160-bib-0073){ref-type="ref"} In the third case with C‐dots, specificity was demonstrated with select components expected in physiological matrices,[74](#open201600160-bib-0074){ref-type="ref"} though the displacement mechanism would seem subject to competitive effects by other species capable of forming complexes with Cu^2+^ or preferential interaction with C‐dots in real samples.

5.  Methods Based on Biorecognition {#open201600160-sec-0010}
===================================

The majority of thiamine detection methods in use today use standard chemical techniques. However, as thiamine is an essential vitamin for many organisms and TDP is a cofactor for many enzymes in biological systems, sensors have been developed that take advantage of this natural requirement. Reported detection approaches have relied on whole cells, enzymes, and binding proteins. Thiamine assay development using such naturally derived molecules provides an alternative to immunological recognition as specific antibodies to essential nutrients are challenging, if not impossible, to develop. Although several commercial sources of thiamine antibodies are available, these antibodies are usually listed by the manufacturers to recognize only the thiamine‐carrier protein (bovine serum albumin or ovalbumin) conjugate and not the free vitamin. Furthermore, specificity information is sometimes not provided by manufacturers, which can yield misleading results. For example, in one instance, we unsuccessfully tried to develop an ELISA by using an antibody marketed to recognize thiamine, later finding upon further inquiry with the manufacturer that this antibody was suitable only for recognition of the conjugate. In another instance, we evaluated a commercially available ELISA for thiamine and found that it detected the provided proprietary standard, but not thiamine from a commercial vendor.[76](#open201600160-bib-0076){ref-type="ref"} Hence, assays relying on naturally derived binding elements are critical to thiamine analyses going forward.

5.1.  Microbiological Assays {#open201600160-sec-0011}
----------------------------

Early work monitored the growth of microorganisms including bacteria, yeasts, and algae to detect thiamine levels. Some of these bioassays could achieve exceptionally low limits of detection---for example, as little as 2 ng L^−1^ (6 pM) thiamine could be detected by monitoring the growth of the marine algae *Monochrysis lutheri*.[77](#open201600160-bib-0077){ref-type="ref"} However, complications of these assays included the prolonged times for growth, accessibility of the given organisms, the ability of many of these organisms to respond to thiamine precursors and fragments, and growth or inhibition thereof by other constituents of the sample matrix, as outlined in Table S4. Such microbiological‐based assays are commercially available, relying on turbidity changes with the growth of *Lactobacillus fermentum* coated in microtiter plate wells. Although this assay can detect as little as 3 ng L^−1^ thiamine, it requires 48 h of incubation prior to collection of results and may not yield reliable results in all sample matrices. For example, in our hands, the assay was not successful for the analysis of thiamine in fish egg extracts (unpublished results).

Recent advances have been made, utilizing metabolic measurements or modified organisms that specifically recognize thiamine to develop new sensors without the prolonged assay times and specificity challenges of the former. In one assay, whole cells of the yeast *Saccharomyces cerevisiae* were immobilized onto a Teflon membrane‐covered dissolved oxygen probe.[78](#open201600160-bib-0078){ref-type="ref"} When thiamine was introduced, the metabolic activity of the yeast increased, resulting in a decrease in available oxygen. As Teflon is permeable to oxygen, the decrease in the amount of dissolved oxygen could be monitored amperometrically as an indirect measure of thiamine concentration. This assay yielded a linear response to thiamine concentration in the range of 5--100 n[m]{.smallcaps}. However, this sensor also responded (at a lower level) to vitamin B~2~, B~6~, and nicotinic acid; therefore, it is not specific to thiamine.

The *nmt1*, an abbreviation for "no message in thiamine", promoter of the fission yeast *Schizosaccharomyces pombe* is tightly regulated by thiamine.[79](#open201600160-bib-0079){ref-type="ref"} The expression levels of the mRNA leading to a 39 kDa protein involved in thiamine biosynthesis are inversely proportional to the thiamine concentration, with no expression at thiamine concentrations greater than 0.5 μ[m]{.smallcaps}. In a novel approach for thiamine detection, *S. pombe* was engineered to express *MFα1*, a peptide pheromone involved in cell‐to‐cell communication.[80](#open201600160-bib-0080){ref-type="ref"} Expression of *MFα1* was regulated by the *nmt1* promoter, which was inhibited in a concentration‐dependent manner by thiamine (Figure [4](#open201600160-fig-0004){ref-type="fig"}). This whole‐cell biosensor was coupled with a unique surface composed of immobilized hydrophobins, which are small, amphipathic proteins. These hydrophobins were expressed as a fusion protein with the yeast α‐factor, which allowed an anti‐α‐factor antibody to be bound to the surface of a microtiter plate. To measure the concentration of *MFα1* in a sample of yeast culture supernatants, the sample was incubated with an anti‐α‐factor antibody prior to introduction to the plate where the remaining unbound antibody could be captured by the immobilized α‐hydrophobins. Thus, in this competitive format, the lower the concentration of *MFα1* in the sample, the more antibody would be bound at the surface, which could then be detected by an appropriate secondary antibody with colorimetric signal amplification. As the expression of *MFα1* in the yeast cells was regulated by thiamine, the quantification of the latter could indirectly be made by detection of the former. A reduction in *MFα1* pheromone secretion by *S. pombe* could be observed following a 4 h incubation period with thiamine, and as little as 10 n[m]{.smallcaps} thiamine could be detected when coupled with the above described assay for *MFα1*. The sensitivity of this assay could be attributed not only to the enzymatic amplification of the ELISA, but also to the production of four *MFα1* molecules for every precursor protein expressed upon promotion by *nmt1*.

![a) In the absence of thiamine, *MFα1* is synthesized at high levels by *Schizosaccharomyces pombe*. In the subsequent ELISA, the *MFα1* present in the culture supernatant competes with surface immobilized α‐conjugate for the available anti‐α‐factor antibody. Upon washing the plate, no anti‐α‐factor antibody remains bound and, hence, is not detected by the secondary antibody/enzyme conjugate. b) In the presence of thiamine, the *nmt1* promoter is repressed and synthesis of *MFα1* is prevented. The anti‐α‐factor antibody can bind maximally and subsequently be detected by a secondary antibody/enzyme conjugate and visible substrate. Drawn from concepts described in Ref. [80](#open201600160-bib-0080){ref-type="ref"}.](OPEN-6-178-g006){#open201600160-fig-0004}

5.2.  Biorecognition by Enzymes {#open201600160-sec-0012}
-------------------------------

As an assessment of thiamine deficiency in clinical samples, measurement of the activity of enzymes requiring TDP as a cofactor is commonly carried out. One such measure is the erythrocyte transketolase activity (ETKA) assay that measures the production of sedoheptulose‐7‐phosphate per minute per liter of blood.[81](#open201600160-bib-0081){ref-type="ref"} In cases of thiamine deficiency, the activity of transketolase increases when exogenous TDP is introduced. The percentage increase in enzyme activity is subsequently measured and is known as the thiamine pyrophosphate effect (TPPE). In patients without thiamine deficiency, the TPPE is 0--15 %; with mild deficiency 16--25 %; and with severe deficiency \>25 %.[82](#open201600160-bib-0082){ref-type="ref"} Despite the widespread use of the transketolase assay, many documented drawbacks to this assay have been revealed to date.[83](#open201600160-bib-0083){ref-type="ref"} The weakest aspect of this assay is that it does not yield thiamine concentration information directly, but rather an indirect measure via the transketolase activity. This introduces the possibility of factors other than exogenous TDP that may influence ETKA and the TPPE, such as magnesium, which is also a cofactor for transketolase. Additionally, expression of the apoenzyme may be suppressed, the variant of the apoenzyme produced in certain individuals may have lower affinity for TDP, or the conversion of thiamine to TDP may be impaired; all of these would falsely mimic a thiamine deficiency by the transketolase assay.[81](#open201600160-bib-0081){ref-type="ref"}, [83](#open201600160-bib-0083){ref-type="ref"} Other issues with the transketolase assay include poor inter‐batch reproducibility and sample stability, owing to fast inactivation of transketolase[84](#open201600160-bib-0084){ref-type="ref"} and difficulty in standardization, resulting in upper limit reference values ranging from 15.5 to 40 %.[85](#open201600160-bib-0085){ref-type="ref"}

Pyruvate and lactate assays have also been able to provide information on thiamine status, owing to TDP′s role as a cofactor for pyruvate dehydrogenase, which participates in the conversion of pyruvate to acetyl‐CoA, a starting substrate for the Krebs cycle.[86](#open201600160-bib-0086){ref-type="ref"} Without the presence of TDP, pyruvate remains extremely stable to decarboxylation and may reversibly convert to lactate by lactate dehydrogenase (LDH). To test the effects of thiamine supplementation, LDH is added to whole blood to convert pyruvate to lactate and pyruvate is subsequently measured by the stoichiometric decrease in NADH absorbance at 340 nm. Likewise, lactate is measured by the increase in NADH absorbance at 340 nm after addition of LDH converts lactate to pyruvate. As TDP allows pyruvate to undergo decarboxylation rather than becoming available for conversion to lactate, the extent of the decrease in pyruvate and lactate following thiamine supplementation serves as an indicator of thiamine status.

Aside from clinical samples, there has been little work using TDP‐dependent enzymes for biosensor development. However, one biosensor approach utilizing pyruvate oxidase (POX) has been reported.[87](#open201600160-bib-0087){ref-type="ref"} POX uses pyruvate, oxygen, and phosphate to yield acetylphosphate, carbon dioxide, and hydrogen peroxide in the POX‐mediated formation of acetylphosphate \[Eq. [(1)](#open201600160-disp-0001){ref-type="disp-formula"}\]:$${{pyruvate}\mspace{720mu} + \mspace{720mu}{phosphate}\mspace{720mu} + \mspace{720mu} O{}_{2} + H{}_{2}O}\left. \,\;\rightarrow\mspace{720mu}{acetylphosphate}\mspace{720mu} + \mspace{720mu}{CO}{}_{2} + H{}_{2}O{}_{2} \right.$$

In an approach based on a similar premise to that described above using *S. cerevisiae*, a dissolved oxygen probe was covered with a Teflon membrane onto which POX was subsequently immobilized. In the presence of Flavin adenine dinucleotide (FAD) and Mg^2+^, with controlled addition of thiamine, the POX activity reportedly increased, yielding a greater consumption of dissolved oxygen. This assay yielded a linear response to thiamine concentration in the range of 0.025 to 0.5 μ[m]{.smallcaps}. Although thiamine diphosphate is the typical cofactor for pyruvate oxidase, this sensor apparently responded to the non‐phosphorylated molecule. The differences in enzyme activity resulting from the phosphorylated or parent forms of thiamine would be of specificity interest. Also, a baseline level of enzyme activity in the absence of exogenous thiamine was observed. Although not suggested within, this system could instead be coupled with horseradish peroxidase and appropriate substrates, which would allow a directly proportional signal as a function of the hydrogen peroxide produced through colorimetric or fluorescence measurements.

5.3.  Biorecognition by Other Entities {#open201600160-sec-0013}
--------------------------------------

As thiamine is essential for all life forms, many organisms have mechanisms in place to allow uptake of thiamine from their environment, to sequester thiamine from intake, or, in organisms capable of its synthesis, to control the endogenous synthesis of thiamine from its precursors. Riboswitches are RNA molecules that control gene expression upon binding by small‐molecule targets. These molecules consist of an aptamer component that provides specific recognition of the target and a regulatory component, which, upon target binding, can up‐ or down‐regulate gene expression. In the presence of thiamine pyrophosphate (TPP), the TPP riboswitch serves to turn off genes, resulting in decreased expression of proteins involved in TPP biosynthesis. The kinetics of this are concentration dependent with high levels of TPP rapidly shutting down biosynthetic protein production and lower levels doing so less immediately by tailoring the protein expression to the available TPP.[88](#open201600160-bib-0088){ref-type="ref"} Its function in plants, bacteria, and fungi is to regulate genes responsible for uptake or synthesis of thiamine.[89](#open201600160-bib-0089){ref-type="ref"} The aptamer component of the riboswitch is an 84‐nucleotide sequence (Figure [5](#open201600160-fig-0005){ref-type="fig"} a) with a reported *K* ~D~ for TPP of 850 pM.[88](#open201600160-bib-0088){ref-type="ref"}, [90](#open201600160-bib-0090){ref-type="ref"} This structure does not recognize the thiazole portion, but recognizes the 4‐amino‐5‐hydroxymethyl‐2‐methylpyrimidine (HMP) and the pyrophosphate portions of TPP in separate binding pockets.[89](#open201600160-bib-0089){ref-type="ref"} By using the aptamer component of the TPP riboswitch, Lau et al. designed a sensor that resulted in an increase in fluorescence upon TPP binding by the displacement of a quencher conjugated to a complementary DNA strand.[88](#open201600160-bib-0088){ref-type="ref"} The aptamer was modified on the 5′ terminus with a quencher DNA (QDNA) binding site, a short spacer sequence, and fluorophore DNA (FDNA) binding site (Figure [5](#open201600160-fig-0005){ref-type="fig"} b). In the absence of TPP, a 16‐nucleotide QDNA sequence and 20‐nucleotide FDNA sequence could hybridize to their respective sites. In the presence of TPP, the aptamer portion of the sequence would recognize its target with high affinity, while concomitantly displacing the quencher sequence (Figure [5](#open201600160-fig-0005){ref-type="fig"} c). The release of the quencher sequence removed the close proximity previously held by the fluorophore and the quencher and resulted in an increase in fluorescence. The range of this assay was linear between 1 μ[m]{.smallcaps} and 1 m[m]{.smallcaps} TPP, with a signal enhancement being four times the background at the maximum concentration. Owing to the concentration dependence of the riboswitch in nature, a time dependence is associated with attaining the maximum signal in the sensor, for example, requiring 5 min at 1 m[m]{.smallcaps}, but 120 min for 10 μ[m]{.smallcaps} TPP. A limit of detection of 10 n[m]{.smallcaps} was noted and, though not specified, was presumably attainable if the assay time was extended. This assay yielded high specificity towards TPP versus TMP, thiamine, and oxythiamine, demonstrating the excellent binding fidelity of naturally derived aptamers. One challenge in the broader utility of this approach, however, is the 1:1 relationship between the aptamer binding event and the fluorophore signal, which limits its potential sensitivity.

![a) The TPP‐binding aptamer portion of the TPP‐dependent ribozyme, b) TPP‐binding aptamer modified with fluorophore‐modified DNA (FDNA) and quencher‐modified DNA (QDNA) binding sites at the 5′ terminus, and c) QDNA and FDNA hybridize to their respective binding sites within the aptamer sequence. In the absence of TPP, the fluorophore and quencher are in close proximity and a low fluorescence signal results. In the presence of TPP, the QDNA is displaced and the fluorescence signal of the FDNA is restored. Reprinted from Ref. [88](#open201600160-bib-0088){ref-type="ref"} with permission. Copyright (2010) Wiley‐VCH.](OPEN-6-178-g007){#open201600160-fig-0005}

Artificial constructs have been able to take advantage of nature\'s target selectivity combined with synthetic elements to mediate gene regulation. So‐called 'aptazymes' have been developed, which consist of an aptamer binding domain to provide specific recognition and a ribozyme domain that undergoes self‐cleavage upon target binding. One such artificial ribozyme has been developed by using TPP recognition by the aptamer domain of its natural riboswitch.[91](#open201600160-bib-0091){ref-type="ref"} By utilizing this artificial construct in conjunction with DNAse I and graphene oxide (GO), Li et al. developed a novel approach to the detection of TPP.[92](#open201600160-bib-0092){ref-type="ref"} DNAse I cleaves phosphodiester bonds of single‐ and double‐stranded DNA. The TPP hammerhead aptazyme cleaves itself in the absence of TPP, but remains intact in its presence. GO has the unique property of being selective for adsorbing ssDNA, whereas dsDNA or DNA--RNA hybrids are not retained. GO additionally has a fluorescence quenching effect on fluorophores attached to adsorbed ssDNA along with a protective effect on the enzymatic cleavage of ssDNA. These properties have made GO attractive for sensing applications in which the fluorescence from the fluorophore linked to the adsorbed probe is restored upon target hybridization forming dsDNA.[93](#open201600160-bib-0093){ref-type="ref"} In this assay for TDP (Figure [6](#open201600160-fig-0006){ref-type="fig"}), a ssDNA probe labeled with a fluorophore was adsorbed onto GO, where the fluorescence signal undergoes complete quenching.[92](#open201600160-bib-0092){ref-type="ref"}

![The TPP‐dependent ribozyme undergoes self‐cleavage releasing a small segment of RNA. This RNA can hybridize to fluorophore‐labeled complementary DNA adsorbed onto graphene oxide. The hybridized DNA--RNA complex is then released from the GO, where the DNA portion is degraded by DNAse I. The released RNA can then participate in another cycle of hybridization, DNA degradation, and fluorophore release yielding an amplification event. In the presence of TPP, its binding to the ribozyme inactivates the ribozyme\'s self‐cleavage and, thus, a reduction in signal results. Reprinted from Ref. [92](#open201600160-bib-0092){ref-type="ref"} with permission from. Copyright (2013) Elsevier.](OPEN-6-178-g008){#open201600160-fig-0006}

The aptazyme cleaves a segment of the RNA from the TPP riboswitch in the absence of TPP, whereas this cleavage is inhibited in the presence of TPP in a concentration‐dependent manner. The released segment of RNA can then hybridize to the fluorophore‐labeled complementary ssDNA probe, which causes its release from the graphene oxide and subsequent rise of the fluorescence signal. Upon release from the GO, the DNA component of the DNA--RNA hybrid would be degraded by DNAse I, yielding the release of the fluorophore and the original RNA segment. This original RNA segment could then participate in another cycle of hybridization with GO‐adsorbed ssDNA, leading to signal enhancement. Through the inclusion of DNAse I, this re‐hybridization of RNA and release of ssDNA allows for amplification of the original TPP--aptazyme 1:1 binding event. The range of this assay was reported to be between 0.5 and 100 μ[m]{.smallcaps} TDP, with little cross‐reactivity towards thiamine or TMP. The challenge with either of these sensors is the RNA‐based platform. RNA is readily subject to degradation by RNA nucleases in the environment, thus limiting the utility for thiamine detection in biological sample matrices. Substituting DNA bases for RNA nucleotides in synthetic sequences has not yielded functional aptamers (unpublished results); thus, the development of a nuclease‐resistant thiamine aptamer is one of our current interests.

Thiamine binding proteins are found in various life forms, including plants, bacteria, and yeasts, which allow storage and subsequent utilization of the vitamin by an organism. Taking advantage of this natural requirement, a competitive radioassay for thiamine by using Sepharose‐immobilized thiamine binding proteins from Buckwheat seeds was developed.[59](#open201600160-bib-0059){ref-type="ref"} In this assay, thiazole‐2--^14^C thiamine was used as a competitor for thiamine in food samples for the immobilized protein. An assay range of 1--10 μ[m]{.smallcaps} was achieved and could be used for the analysis of thiamine alone as thiamine phosphates are not recognized by plant binding proteins.

Periplasmic binding proteins are produced in high quantities by gram‐negative bacteria such as *Escherichia coli* and *Salmonella typhimurium* with mediate uptake of small molecules including sugars, amino acids, inorganic ions, and vitamins.[94](#open201600160-bib-0094){ref-type="ref"} These proteins undergo a significant conformational shift upon target binding, which opens up the possibility for homogeneous sensor platforms. Hanes et al. developed a sensor that took advantage of the conformational change of the *E. coli* thiamine periplasmic binding protein (TBP) to change the local environment of an environmentally sensitive fluorophore upon target binding.[95](#open201600160-bib-0095){ref-type="ref"} In this sensor, the site‐specific modification of the protein via a S62C mutation allowed thiol‐modification with a coumarin or pyrene derivative (Figure [7](#open201600160-fig-0007){ref-type="fig"}).

![Measurement of the fluorescence change with MDCC (**1**) and pyrene (**2**) labeled TbpA. a) Fluorescence excitation and emission scans of 200 n[m]{.smallcaps} MDCC‐TbpA. Upon addition of a saturating concentration of thiamin (2 μ[m]{.smallcaps}), the fluorescence is reduced 47 % at 467 nm. b) Fluorescence excitation and emission scans of 200 n[m]{.smallcaps} pyrene‐TbpA. Upon addition of thiamin, the fluorescence is reduced 57 % at 375 nm. Reproduced from Ref. [95](#open201600160-bib-0095){ref-type="ref"} with permission. Copyright (2011) Royal Society of Chemistry.](OPEN-6-178-g009){#open201600160-fig-0007}

In the presence of thiamine, the fluorescence from either derivative was decreased. A similar approach that took advantage of the conformational change of *E. coli* TBP, but relying on fluorescence resonance energy transfer (FRET) between fluorescent proteins eCFP and Venus, has been reported.[96](#open201600160-bib-0096){ref-type="ref"} FRET changes of up to 25 % could be observed upon incubation with 100 μ[m]{.smallcaps} thiamine in vitro and the system could also be utilized as an in vitro measurement in *E. coli* in vivo.

Rather than focusing on the conformational shift, we recently developed a high‐throughput assay by using the *E. coli* TBP for specific recognition of thiamine, much in the same way an antibody would be used in an ELISA (Figure [8](#open201600160-fig-0008){ref-type="fig"}).[76](#open201600160-bib-0076){ref-type="ref"}

![Competitive assay for thiamine using fluorescent‐dye‐encapsulating liposomes for signal amplification and the thiamine binding protein for specific biorecognition. a) A thiamine derivative was designed with a long PEG spacer between thiamine monosuccinate and biotin to accommodate the binding sites of both TBP used for thiamine recognition and tetrameric streptavidin used for immobilization. The TBP undergoes a significant conformational shift upon binding. b) Competitive assay with thiamine monosuccinate‐PEG‐biotin immobilized through streptavidin in microtiter plates and detected via TBP conjugated to the lipid bilayer of sulforhodamine B encapsulating liposomes (left). In the absence of free thiamine in the sample (top), TBP liposomes bind maximally to the immobilized thiamine derivative; in the presence of free thiamine in the sample (bottom), owing to competition, fewer TBP‐liposomes can bind to the immobilized thiamine derivative. After incubation with the sample, unbound materials are removed (middle) and liposomes remaining bound are lysed to release dye yielding a signal inversely proportional to thiamine concentration (right). Reprinted with permission from Ref. [76](#open201600160-bib-0076){ref-type="ref"}. Copyright (2016) American Chemical Society.](OPEN-6-178-g010){#open201600160-fig-0008}

Here, the TBP served in lieu of an antibody and fluorescent dye‐encapsulating liposomes provided signal amplification. In this competitive assay format, a PEGylated thiamine derivative was immobilized onto the surface of a microtiter plate (Figure [8](#open201600160-fig-0008){ref-type="fig"} a) and served as a competitor to thiamine potentially in a sample for the available TBP‐conjugated liposomes (Figure [8](#open201600160-fig-0008){ref-type="fig"} b). The liposomes entrap hundreds of thousands to millions of fluorophore molecules, hence providing a significant amplification of any binding event. A signal inversely proportional to the thiamine concentration resulted, with a limit of detection of 0.5 n[m]{.smallcaps}. This method demonstrated excellent specificity towards thiamine and its phosphorylated derivatives, with no cross‐reactivity towards constitutive fragments of thiamine or most thiamine analogues. Only thiamine impurity E, which has a thione group between the sulfur and nitrogen atoms of the thiazole ring, yielded a response, but at concentrations 1000‐fold higher than thiamine. This compound is an impurity formed during thiamine manufacturing and would not be found at such high concentrations in nature. The liposome‐based platform provided the needed amplification, whereas the TBP provided excellent specificity in this assay.

6.  Utility of Thiamine in the Detection of Other Species {#open201600160-sec-0014}
=========================================================

Although not assays for the thiamine molecule, thiamine has been recently used as a probe itself for assaying other analytes. Examples include the detection of prion proteins,[97](#open201600160-bib-0097){ref-type="ref"} uric acid,[98](#open201600160-bib-0098){ref-type="ref"} hypochlorite,[99](#open201600160-bib-0099){ref-type="ref"} and thiaminase activity.[100](#open201600160-bib-0100){ref-type="ref"} It has been used as a fluorimetric substrate in conjunction with co‐immobilized uricase and horseradish peroxidase in an assay for uric acid[98](#open201600160-bib-0098){ref-type="ref"} and, in an assay for hypochlorite, alkaline ferrocyanide could be reduced by the analyte to ferricyanide, which could serve to oxidize thiamine.[99](#open201600160-bib-0099){ref-type="ref"} Thiamine radiolabeled on its thiazole ring with ^13^C is also used in an assay for thiaminase activity in biological samples.[100](#open201600160-bib-0100){ref-type="ref"} This assay relies on the increased hydrophobicity of the enzymatically cleaved ^13^C‐4‐methyl‐5‐(2‐hydroxyethyl)thiazole and ability to partition this product into an organic solvent.

7.  Summary and Outlook {#open201600160-sec-0015}
=======================

The profound importance of thiamine to the health of all organisms and the shortcomings of previous thiamine analysis methods have together fueled an ongoing interest in improving methodologies for monitoring thiamine in a variety of matrices. Numerous colorimetric, fluorescence, electrochemical, and biological‐based approaches have been developed, each with their own inherent benefits and caveats (Table [1](#open201600160-tbl-0001){ref-type="table-wrap"}). Although colorimetric approaches were once widely used, owing to the inherently simple detection principle, they have largely fallen out of favor in lieu of more sensitive fluorometric methods, owing to their high limits of detection (μ[m]{.smallcaps}) and risk of interferences, especially when biological samples are considered. As a result, the most commonly employed methodologies have relied on fluorescence detection following chromatographic separation. These established methodologies offer the benefit of sensitive quantification of thiamine in multi‐component mixtures and speciation of thiamine phosphates. Advances in HPLC separations and improvements in detection capabilities offer the ability to reach impressive pM levels of detection suited for well‐equipped laboratory environments.

###### 

Summary of advantages and disadvantages of each strategy using methods with the lowest reported limit of detection.

  Technique                      Methodology                                                                                                                                             Limit of Detection      Advantages                                                                                                                                                                                                                                           Disadvantages                                                                                                                                                                                                                                                                                                           Ref.
  ------------------------------ ------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------
  Colorimetric                   Ionic association of thiamine with micellar triphenylmethane dyes.                                                                                      66 n[m]{.smallcaps}     ‐ Spectrophotometric measurements are easy to carry out with widely available equipment.                                                                                                                                                             ‐ Interferences with common constituents, including vitamin B~2~, vitamin B~6~, and vitamin C.                                                                                                                                                                                                                          [39](#open201600160-bib-0039){ref-type="ref"}
  UV                             HPLC using a C18 column and gradient elution.                                                                                                           74 n[m]{.smallcaps}     ‐ HPLC with UV detectors are widely available. ‐ No derivatization procedure needed. ‐ Ability to simultaneously quantify other compounds.                                                                                                           ‐ Level of expertise required. ‐ Expense and maintenance of instrumentation.                                                                                                                                                                                                                                            [66](#open201600160-bib-0066){ref-type="ref"}
  Fluorescence                   HPLC using a C18 column and gradient elution.                                                                                                           1 n[m]{.smallcaps}      ‐ Quantification of different thiamine phosphate forms.                                                                                                                                                                                              ‐ Derivatization to thiochrome required. ‐ HPLC with fluorescence detectors less commonly available.                                                                                                                                                                                                                    [67](#open201600160-bib-0067){ref-type="ref"}
  Chemiluminescence              Flow‐injection technique with detection based on suppression of luminol/KIO~4~ chemiluminescence by thiamine.                                           1 n[m]{.smallcaps}      ‐ Rapid analyses.                                                                                                                                                                                                                                    ‐ Mechanism of chemiluminescence suppression not elucidated; thus, specificity for solely thiamine not proven. ‐ No further development of this technique since 2002.                                                                                                                                                   [101](#open201600160-bib-0101){ref-type="ref"}
  Electrochemical                Fast Fourier transform square‐wave voltammetry.                                                                                                         0.56 n[m]{.smallcaps}   ‐ Low limit of detection.                                                                                                                                                                                                                            ‐ Specificity not assessed. ‐ Reported limit of detection markedly lower than similar techniques and further validation would be beneficial.                                                                                                                                                                            [102](#open201600160-bib-0102){ref-type="ref"}
  Mass spectrometry              UPLC‐MS/MS using a C18 column and gradient elution.                                                                                                     30 pM                   ‐ Limit of detection applicable to environmental water samples. ‐ Identity confirmation.                                                                                                                                                             ‐ Expertise required. ‐ Expense and maintenance of instrumentation.                                                                                                                                                                                                                                                     [68](#open201600160-bib-0068){ref-type="ref"}
  NP‐based approaches            Fluorescence enhancement of 4‐amino‐6‐hydroxy‐2‐mercaptopyrimidine gold NPs.                                                                            6 fM                    ‐ Reported limit of detection markedly lower than all other methods. ‐ Reported specificity towards thiamine demonstrated versus 10,000‐fold higher concentrations of possible interferences including riboflavin, vitamin B12, and ascorbic acid.   ‐ Mechanism of association with nanoparticles (for example, via electrostatic or coordination complexes) is not specific to only thiamine. ‐ Mechanism of fluorescence enhancement not investigated. ‐ Reported limit of detection markedly lower than similar techniques and further validation would be beneficial.   [72](#open201600160-bib-0072){ref-type="ref"}
  Whole‐cell biosensors          Growth of the marine algae *Monochrysis lutheri*.                                                                                                       6 pM                    ‐ Limit of detection applicable to environmental water samples.                                                                                                                                                                                      ‐ Non‐specific growth may result from thiamine fragments or other molecules in biological matrices. ‐ Prolonged time periods until results. ‐ Need to maintain viable microorganisms.                                                                                                                                   [77](#open201600160-bib-0077){ref-type="ref"}
  Enzymes                        Increase in enzymatic activity of pyruvate oxidase in the presence of thiamine yielding consumption of oxygen.                                          25 n[m]{.smallcaps}     ‐ Accessibility of equipment for dissolved oxygen measurements.                                                                                                                                                                                      ‐ Maintenance of immobilized enzyme activity/long‐term stability. ‐ Basal level of enzyme activity in the absence of exogenous thiamine.                                                                                                                                                                                [87](#open201600160-bib-0087){ref-type="ref"}
  Riboswitches                   FRET relying on conformational change of RNA aptamer portion upon binding to TPP.                                                                       10 n[m]{.smallcaps}     ‐ High specificity towards TPP versus thiamine, TMP, and oxythiamine.                                                                                                                                                                                ‐ Strong potential for RNA degradation limiting utility with real sample matrices.                                                                                                                                                                                                                                      [88](#open201600160-bib-0088){ref-type="ref"}
  Periplasmic binding proteins   Competitive, heterogeneous assay using fluorescent‐dye encapsulating liposomes conjugated to the thiamine periplasmic binding protein from *E. coli*.   0.5 n[m]{.smallcaps}    ‐ High‐throughput microtiter plate‐based platform. ‐ Exquisite specificity towards thiamine versus fragments and analogues.                                                                                                                          ‐ Components not commercially available. ‐ Validation in environmental matrices required.                                                                                                                                                                                                                               [76](#open201600160-bib-0076){ref-type="ref"}
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Looking ahead, simpler high‐performing methodologies now seem attainable in the near future. We consider most promising the biorecognition‐based approaches that have been developed in recent years. Although RNA‐based aptamer approaches as an affinity recognition system may be a dead‐end strategy, owing to the rapid degradation of RNA when in contact with environmental or biological samples, such approaches may be viable with modified RNA or DNA nucleotides. We are currently investigating the possibility of DNA‐based aptamers for thiamine, which would open up a multitude of field‐appropriate biosensors while affording custom specificity through counter‐SELEX measures. The described catalytic enzyme‐based approaches could be further coupled with more sensitive and commonly used enzymatic amplification strategies such as horseradish peroxidase and result in simple colorimetric or fluorescence‐based high‐throughput strategies. Most interesting and promising is a periplasmic binding approach, as it can be used similar to antibodies, which shows immense sensitivity and specificity toward thiamine, and has also shown potential in real‐world samples. Still, as decades of analytical work with thiamine has demonstrated that, independent of any detection strategy, significant emphasis must still be placed on sample preparation. The reproducible release of thiamine from sample matrices, as well as its stability, requires careful consideration. This release is usually carried out under harsh chemical conditions that must be mediated prior to downstream analysis by using biological entities. Methods going forward must encompass not only a sensitive and specific approach to thiamine detection, but one that can withstand the challenges of sample analysis by using complex environmental and biological matrices.
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